APEX is a proposed mission for a Small Explorer (SMEX) satellite. APEX will investigate the density, temperature, composition, magnetic field, structure, and dynamics of hot astrophysical plasmas (log T =~5-7), which emit the bulk of their radiation at EUV wavelengths and produce critical spectral diagnostics not found at other wavelengths. APEX addresses basic questions of stellar evolution and galactic structure through high-resolution spectroscopy of white dwarf stars, cataclysmic variables, the local interstellar medium, and stellar coronae. Thus APEX complements the Chandra, Newton-XMM, FUSE, and CHIPS missions. The instrument is a suite of 8 near-normal incidence spectrometers (~90-275 Angstroms, resolving power~10,000, effective area 30-50 cm 2 ) each of which employs a multilayer-coated ion-etched blazed diffraction grating and a microchannel plate detector of high quantum efficiency and high spatial resolution. The instrument is mounted on a 3-axis stabilized commercial spacecraft bus with a precision pointing system. The spacecraft is launched by a Taurus vehicle, and payload size and weight fit comfortably within limits for the 2210 fairing. Of order 100 targets will be observed over the baseline mission of 2 years. These are selected carefully to maximize scientific return, and all were detected in the EUVE and the ROSAT WFC surveys.
INTRODUCTION
Spectroscopy is an indispensable tool for measuring the density, temperature, composition, magnetic field, structure, and dynamics of astrophysical plasmas. EUVE moved astronomical spectroscopy into the EUV (effective area~1 cm 2 
, resolution
Proceedings of SPIE Vol. 5164 UV/EUV and Visible Space Instrumentation for Astronomy II, edited by Oswald H. W. Siegmund, (SPIE, Bellingham, WA, 2003) · 0277-786X/03/$15.00 R~400), and Chandra has demonstrated the promise of high-resolution spectroscopy at X-ray wavelengths. However, the termination of the EUVE mission has left a gap in spectral coverage at crucial EUV wavelengths, where hot (10 5 -10 7 K) plasmas radiate most strongly and produce critical spectral diagnostics not found at other wavelengths. CHIPS will fill this gap only partially as it is optimized for diffuse emission and has only moderate spectral resolution. Further developments are needed to exploit the full range of plasma diagnostic techniques developed in laboratory and solar physics, including instruments of higher resolution, for example, spectrometers which resolve spectral lines unambiguously and measure line profiles and Doppler shifts. A desirable goal is a resolution, R~10,000 (δλ=0.01 Ǻ at 100 Ǻ, or δV=30 km s -1 ). The EUV waveband is most promising for high-resolution spectroscopy of hot plasmas, for the following reasons: (1) The interstellar medium (ISM) has relatively low opacity out to distances of order 100 pc and is patchy, allowing diverse galactic studies and some extragalactic observations. 1 (2) There are many strong spectral lines produced by plasmas at temperatures between 2x10 5 and 2x10 7 K. 2 (3) Multilayer-coated, normal-incidence optics may be used. They have smaller aberrations than grazing-incidence optics, promise large collecting area, and allow designs with a single optical element.
We successfully flew an APEX prototype (effective area 3 cm 2 , R >3000), J-PEX (Joint astrophysical Plasmadynamic EXperiment), on a NASA sounding rocket in 2001 and obtained a high-resolution spectrum of the WD G191-B2B (Fig. 1 ). 3 The goal was to search for photospheric helium, and the best fit to the data was consistent with its presence. In this paper we present a Mission Concept for a SMEX (SMall EXplorer), APEX, the Astrophysical Plasmadynamic EXplorer, a satellite instrument devoted to high-resolution EUV spectroscopy.
SCIENCE JUSTIFICATION
APEX addresses basic questions of stellar evolution and galactic structure through high-resolution spectroscopy of white dwarfs (WDs), the local interstellar medium (LISM), cataclysmic variables (CVs), and stellar coronae. The APEX primary (60% emphasis) and secondary (40% emphasis) scientific goals, developed by a Science Working Group (SWG), are answers to these basic questions (Table 1 , see also ref. 4 ). About 100 sources will be observed over the 2-year baseline mission. APEX makes strong contributions to the NASA major theme Structure and Evolution of the Universe, and pursues the Enterprise Objective "Learn how galaxies, stars, and planets form, interact, and evolve" found in the NASA Strategic Plan for Space Science. The secondary goals have a broader but indirect relation to both "The Sun-Earth Connection" and "Astronomical Search for Origins" themes. 
White Dwarfs
WDs are among the oldest stars. Their distributions help map the history of star formation in the Galaxy and in principle help determine the age of the disk. Cool WDs may account for a substantial fraction of the missing mass in the galactic halo. 5 To understand and calibrate cosmologically important aspects of WDs (such as their cooling ages, masses, and compositions) calls for thorough understanding of how their photospheric compositions evolve. Atmospheric metal abundances affect cooling rates and bias determinations of temperature and surface gravity. A reliable mass can be derived only from accurate effective temperature (T eff ) and surface gravity (g). Metals are hard to detect in cool WDs but play an important role in cooling. Abundances in hotter stars tell what species may be present.
As end-products of the lives of all stars below 8 M, representing >90% of the galactic stellar population, WDs reveal complicated and poorly understood processes during the rapid and complex phase of post main sequence (MS) evolution. Briefly, stars shed much of their mass, angular momentum, and possibly magnetic fields during the post-AGB and planetary nebulae phases and emerge as hot WDs of two main types: H-rich DA and He-rich DO and DB stars. Observed elemental abundances of WDs should reflect the evolutionary paths followed. However, the resulting abundance patterns appear to be affected by gravitational settling (diffusion), selective radiative levitation, possible mass loss, magnetic fields, and interstellar accretion. T eff , log g, and the interstellar environment may govern the relative importance of these processes. The physics is complex, and obtaining high-resolution EUV spectra of a diverse sample of WDs is the key step toward understanding WD evolution. Our understanding of this evolution has major gaps. While emergence from the AGB of 2 groups of WD stars, with atmospheric compositions dominated by H or He, is becoming understood, a demonstrable T eff gap in the He-rich cooling sequence is unexplained. Determination of photospheric He content provides important information on the evolution of the star. In typical low mass evolution, He is produced by core H-burning on the MS and then consumed in a core Heburning phase, leading to a C-O core WD progenitor on the AGB. Mass loss, and the creation of a planetary nebula, removes outer layers leaving an exposed core. The resulting envelope composition, in particular the He abundance, is determined by core nucleosynthesis, shell-burning, and stellar mass-loss. We see the WD atmosphere at the end of these processes and after gravitational settling has further altered the photospheric composition, allowing He to sink below the photosphere to leave overlying H. He can be detected in the optical/FUV wavebands only if the abundance exceeds a few times 10 -5 . EUV spectroscopy of the He II Ly series (228-304 Å) provides a factor of 100 more sensitivity.
Significant quantities of elements heavier than H or He are present in the hottest (T>50,000 K) WD atmospheres. Measured abundances trace evolution and link these stars to their possible H-rich progenitors and the He-rich branch, from which a fraction of WDs must evolve. Enhancements in C, N, and O abundances may be signs of near exposure of the core during the AGB phase or a late He-shell burning episode. Studies have begun to correlate abundance pattern with evolutionary status, 6 but these trends are confronted by unexpected complexities in the physical structure of the stars, including stratified distributions of heavy elements. [7] [8] [9] [10] New measurements of heavy element abundance down to different atmospheric depths are required to resolve questions of the radiative levitation/diffusion balance and its effect on atmospheric structure. Lines are formed at different depths in the EUV and FUV, 8 and abundance measurements obtained from high-resolution spectroscopy in both bands are required. FUV data from IUE or HST are available for many stars, but EUVE lacked the spectral resolution to determine abundances uniquely for heavy elements; instead, non-unique abundance solutions were inferred from the blanketed EUV spectra. EUV spectra of the necessary resolution can be obtained only by APEX. APEX will conduct a systematic survey for photospheric helium in the DA WDs. Target selection will include isolated WDs and WDs with binary companions (39 targets), cover a range of T eff and g, and span a range of heavy element compositions. APEX will map the abundance of He (when present) by T eff , g and heavy element composition and will study the effect of common envelope evolution and associated mass-loss. Fig. 2 shows the APEX sensitivity to the presence of photospheric He (He/H=10 -7 ) in a pure H atmosphere when interstellar He II is also present. With typical S/N~20, APEX will have a detection limit of~5x10 -8 , >2 orders of magnitude below that achievable with FUV observations (e.g., ref. 11). Low levels of photospheric He will be detectable even when significant quantities of heaver elements are present (Fig. 3) .
A survey of heavy element-rich DA stars, only obtainable with APEX, will allow measurement of photospheric abundances and their depth dependence. An important control group will be DAs with apparently pure H envelopes, where improved sensitivity may allow detection of material at levels well below current limits, but are present if current theory is correct. Understanding heavy element transport in WD envelopes is critical to understanding how thermonuclear releases are initiated in classical novae; it is difficult to trigger nova without heavy elements being present. Heavy element transport cannot be studied in neutron stars, although nuclear releases also occur there. WD studies can lead to a detailed understanding that neutron star work can build upon.
Cataclysmic Variables
Evolution of WDs in close-binary systems can be profoundly altered by several mechanisms of mass exchange. The system may experience a common envelope phase while the WD progenitor is a red giant, leading to mixing of outer envelopes and possible mass expulsion. Later, the WD may accrete material, either at a low level by intercepting the stellar wind of its companion or as direct transfer through Roche lobe overflow. CVs encompass various WD binary systems with substantial mass transfer. CVs provide the best laboratory for accretion processes, involving composition, geometry, and the interaction of plasma with magnetic fields. Accretion may take place via a disk around the WD or, if the WD has a magnetic field strong enough to disrupt the disk, through a stream onto the WD poles. The APEX resolution is sufficient to measure dynamical spectral features in CVs since accretion velocities reach~3000 km s M) leads to thermonuclear runaways on the WD surface and ejects processed material into the ISM.
In CVs, several distinct emission regions may contribute to EUV radiation or may at least modify it. Hot gas primarily responsible for the high-energy radiation is material from the donor star. In non-magnetic systems, the accreted material flows through a disk and a boundary layer onto the WD equatorial regions. The inner disk and boundary layer are the main EUV sources. If the disk is disrupted by a magnetic field, material falls onto the WD poles, forming a column of material that passes through a shock near the WD surface. In this case EUV emission can come from the shock or from the irradiated WD photosphere. In some systems, material may be accreted at a rate allowing steady nuclear burning, which contributes a further emission component. If it is hot enough, the WD could be an EUV source in its own right, although the shorter wavelength emission will be severely attenuated by any heavy elements accumulated from the companion. To disentangle the various components requires time or phase-resolved spectroscopic observations obtained across a range of mass accretion rates.
Low S/N observations with EUVE yield characteristic spectra for each of the main types of CVs, but no clear conclusions about underlying physical processes. Magnetic polars have smooth blackbody continua, sometimes with strikingly high temperatures (10-25 eV). Fits to these data cannot distinguish between models of absorbed blackbodies, stellar atmospheres of solar composition, or power laws. 12-14 A few absorption line or edge features are tentatively identified, but there are prominent features with no identification. The outburst EUVE spectra of the dwarf novae such as VW Hyi, U Gem, SS Cyg, and OY Car present a serious problem. No two sources are spectrally similar, yet each shows persistent unidentified features that are not understood. 15 In contrast, APEX allows orbit phase-resolved high S/N spectra for the brighter CVs and will resolve lines sufficiently to allow their identification with known transitions, thus allowing a better understanding of the lineformation regions.
APEX will carry out time/phase resolved spectroscopy of all CV types (15 targets), to determine the nature of the emission mechanisms for the distinct regions in these systems (e.g., Fig 4) . By isolating narrow spectral features, radial velocity measurements become possible for determination of gas stream motions, accretion velocities, and, of particular importance, robust dynamical WD mass estimates. Mass estimates impact other astrophysical work including nova calculations and numerical models of accretion flows; mass sets the scale of the gravitational field, yet reliable, accurate estimates remain scarce. The effects of accretion rate on the emission processes will be studied. Element abundances will be measured to search for effects of common envelope evolution and nuclear burning on the WD surfaces.
The Local Interstellar Medium
APEX will probe the ISM using bright EUV sources, seen with high resolution through different optical depths and ISM structures along various lines of sight. This technique has yielded much in the past; APEX will refine it, with broad astrophysical impact. FUSE, Chandra, and APEX bring new levels of rigor and insight to ISM studies, with APEX covering temperatures not accessible to the others. The LISM, within~200 pc of the Sun, is the only interstellar plasma in the universe accessible in this way. The limiting factor for detection of weak ISM lines is the S/N achievable for the instrument resolution and detector background. APEX will obtain S/N 10-50.
Simulations indicate that in the present day Universe a large, even dominant, fraction of baryons could be "hidden" in intracluster and intercluster gas, in a Warm-Hot Ionized Medium (WHIM) at T = 10 5 -10 7 K. 16 The WHIM enshrouds clusters of galaxies and permeates disks of galaxies. Hot ambient gas largely filling the 200-400 pc region of the LISM may be an extension of the WHIM. Such hot gas may have the largest volume-filling factor in the Galactic disk. Overall, the WHIM mass increases with time, through shocks. It is unclear how energy input from supernovae (SNe) and stellar winds contribute. Yet heavy element enrichment and cooling of the WHIM must be closely linked. Physical processes in the ISM have important implications on how the cosmologically important WHIM is produced and maintained.
The LISM is the origin for gas that will ultimately feed the hot baryonic reservoir. It seems to be mostly a highly ionized plasma substrate at T~10 6.1 K and n~10 -2 cm -3 , and has a morphology largely shaped by stellar winds and SN activity, either from the nearby Sco-Cen OB association or older events. This explains the observed radio loops I-IV and the Local Void (or Local Bubble). Within the latter is a complex of warm (~7,000 K) clouds in which the Sun is embedded. [17] [18] These appear to be part of a larger expanding cloud complex representing the 120 pc radius Loop I SN shell centered on the Sco-Cen stars. As hot plasma cools primarily through line emission, of which Fe is normally the dominant coolant at T >10 5.5 K, the Fe abundance in the hot LISM in our metal-rich Milky Way is critical. APEX will determine physical conditions in the gas, occurrence or effectiveness of SN heating, and depletion of Fe in the hot component.
Of all elements observed in the warm local clouds, He is most sensitive to non-equilibrium ionization conditions. The H ionization ratio, being extremely sensitive to the stellar EUV radiation field, reflects ionization equilibrium, but the He II/He I ionization ratio (because of the higher He I ionization potential χ i = 26.6 eV), is insensitive to the EUV radiation field. He ionization is a diagnostic of non-equilibrium ionization within the clouds. Detection of interstellar He is possible only in the EUV. Five WDs with low metallic line blanketing measured by EUVE provide the best available data on He ionization in local clouds, indicating a fairly uniform He ionization fraction of~0.25-0.50. Calculations show observed He ionization cannot be due to photoionization from hot stars or from the surrounding 10 6 K gas. 19 Instead, EUVE results imply nearby He is in recombination, from an ionization event (SN) that took place~2-3 Myr ago, a picture supported by further theoretical analysis. 20 APEX will obtain high-resolution spectra (29 targets) of the He II Lyman series (e.g., Fig. 2 ), the He II ionization edge at 228 Å, and the He I autoionization feature at 206 Å. For the first time it will be possible to disentangle interstellar He II and photospheric absorption in stars with substantial heavy elements, whose lines would be otherwise blended with the interstellar He II. Detection limits~10 16 atoms cm -2 for both He I and He II will be achieved by even modest S/N (~10:1) 
spectra. Combining APEX results with column densities of low ionized species through the local cloud complex (HST & FUSE)
produces an optimum dataset for testing whether He is in an ionization recombination phase and when the ionization event(s) occurred.
ISM models (with solar abundances and ionization equilibrium) indicate that 13 potential lines have equivalent widths >0.4 mÅ/100 pc, for 10 5.5 <T<10 6.3 K ( Table 2) . Even with significant Fe depletion (10x), APEX should easily detect Fe lines and help determine the temperature, density, and depletion of the hot LISM gas. The measured ionic column densities arise mostly in the hot substrate. Ã 2-σ detection for a 0.4 mÅ feature can be obtained with~60 ksec exposure for the WD HZ 43. APEX will provide the most important advance since the discovery of O VI by Copernicus in understanding the hot coronal gas of the ISM.
Stellar Coronae 2.4.1 Introduction.
The solar corona has been studied for over half a century, yet there is still uncertainty about how it is driven by the magnetic dynamo operating in the convection zone, how the dynamo formed when the Sun was born, and how it changed as the Sun evolved. However, the Sun is relatively inactive, and most class F through M stars possess hotter coronae that show diverse characteristics. Further, the significance of studying hot coronae stretches beyond understanding stellar evolution, for the development of life on Earth has been influenced by the interplanetary environment around the Sun, which is shaped by the coronal EUV/X-ray flux, the particle flux in the solar wind, and frequent mass injections, all of which respond to the solar cycle. APEX will study the coronae of a diverse and carefully selected sample of stars, comprising very young stars, main sequence (MS) stars, and more active systems having a high rotation rate. The goal is to understand the physics that controls the evolution and characteristics of the hot corona and the resulting interplanetary environment.
Very Young Stars.
Young actively accreting pre-MS stars are strong X-ray emitters. 21 The nearest (50 pc) are found in the TW Hya association, which shows low interstellar absorption and is~10 Myr old, at the likely epoch of planet formation. The Chandra HETG spectrum of TW Hya is consistent with an accretion-shocked plasma, having a temperature (T) consistent with the ballistic energy of accretion. The densities are high (~10 13 cm -3 ) but temperatures are less than found in active MS stars. If this pattern is common, substantial revisions to our understanding of accretion are implied. Models predict little X-ray emission because of absorption in the accretion stream, 22 and free-fall velocities (~240 km s -1 ) appear too low to produce post shock temperatures T >10 6 K. The high densities derived for TW Hya require kGauss containment fields, imply small emitting regions covering only a few percent of the surface, and may introduce opacity effects in the lines. Small dense regions are expected for X-ray emission from the accretion shock, as these fields and covering factors are the same as derived from UV analyses. 22 To identify the sources of high-energy emission and test theories, it is necessary to compare stars with and without disks that have similar properties. EUV spectra will distinguish between coronal emission and an accretion stream. Line widths for a rotating corona could exceed those for an accretion flow, which could show Doppler shifted emission and opacity effects if densities are high. Densities at high-T could be determined from EUV line ratios to distinguish between a diffuse corona and a dense accretion stream or shock. TW Hya is oriented face-on, 23 so that we observe the accretion flow directly, and velocity shifts would be maximized. Young pre-MS stars still in the accretion phase, and more evolved objects without disks, are in nearby clusters. The APEX baseline mission includes 9 stars, selected from the TW Hya (10 Myr), Hor (30 Myr), and Tuc (<40 Myr) associations and providing a range of disk and stellar evolution of accretion and corona.
Main Sequence
Stars. APEX will examine the causes of coronal heating and the structure of the upper transition region and the inner corona, using a sample of 14 stars on or near the MS. They vary in spectral class between G0 and K5 and cover a range of rotation period and Rossby number. Heating by magnetic field reconnection in loops may be seen as "nanoflaring," but it is difficult to measure directly. However, heating by waves has observable consequences. Acoustic waves have been ruled out as an effective agent, but MHD (e.g., Alfvén) waves can provide ample flux. 24 The non-thermal (NT) plasma energy density may be obtained from measurements of density and NT broadening of line profiles, which combined with the wave propagation (Alfvén) velocity, yields the NT energy flux. 25 The magnetic flux densities (B) are constrained by measurements of the surface fields, which have been measured for the APEX sample. 26 This approach has been applied successfully to solar observations and in studies of the moderately active dwarf ε Eri using STIS, 24 where the NT energy flux was derived as a function of T e up to 3x10 5 K. This flux is more than sufficient to heat the corona, but there is evidence that 
Hot Coronal Plasma in Active Stars.
In many active stars, T and N e are higher than on the Sun, and often-small highdensity regions are located at high latitudes and immersed in an extended corona. As indicated by early measurements and confirmed by the Fe XVIII lines observed with FUSE, the high-T coronal material is confined, [27] [28] but in rapidly rotating stars may be extended and suffer turbulent broadening. The emission measure distribution (EMD) of active stars reveal 3 characteristic features: an enhancement at T~2x10 6 K, which may indicate solar like structures, another appearing frequently in a narrow range around T = 8x10 6 K, and finally an elevated EM sometimes seen at higher T. The sources of the higher T components are a mystery, [29] [30] especially the "bump" at 8x10 6 K, for which N e >10 12 cm -3 . How is such high-pressure plasma heated and contained on the star? 29 Three developments provide new insight. The first is optical Zeeman-Doppler imaging (ZDI), 31-33 which has revealed photospheric dark spots on active stars, and traced the magnetic field topology. The second is the Chandra measurement of Xray line Doppler shifts in the spectrum of 44 i Boo, consistent with a polar emission zone. 34 (ZDI has revealed dark polar spots and high-latitude loop footpoints likely to dominate the X-ray emissivity.) The third will be APEX, whose resolving power and sensitivity allow location of hot plasma in rapidly rotating systems using line profiles and Doppler shifts, and more accurate Ne measurements. Fig. 5 shows a model of an APEX spectrum for the RS CVn star λ And compared to one obtained by the Chandra LETG. The APEX baseline mission includes observations of 10 active stars that are bright EUV sources.
The sample is divided into 4 stars whose characteristics enable the corona to be studied using a combination of EUV Doppler imaging and ZDI, 35 and 6 in which line Doppler shifts are used to locate 10 7 K plasma. For the latter group integration times are sufficient for 16 orbital phases, so that a resolution <10 km s -1 is attained in the measured line centroid. Observations will be scheduled to take advantage of eclipses in AR Lac and 44 i Boo.
Doppler imaging using coronal EUV lines is simpler than with photospheric lines because the plasma is optically thin, but its resolution is limited by thermal broadening. The Fe line width at Te~10 7 K is~90 km s -1 (FWHM), and good statistics are needed to derive spatial information from modulation of the line profile. Four targets have been selected, V711 Tau (HR 1099), UX Ari, AB Dor, and σ 2 Cor Bor, and observation times are sufficient to accumulate 5x10 4 -10 5 counts in the Fe XX / Fe XXIII (λ 132.85) line blend. After APEX inflight calibration, it should be possible to superpose strong Fe lines and improve image quality. For example, for AB Dor, adding the Fe XIX and XXII lines to the Fe XXIII line increases the total counts (in 720 ksec) from 50,000 to 84,700.
To demonstrate sensitivity we use an isothermal coronal model of AB Dor (K0V, Prot=12.4h, v sin i = 90 km s -1 ) based on the surface field (B s ) distribution derived from ZDI. 35 The 10 7 K loop plasma is in hydrostatic equilibrium, with a base pressure p α B s 2 . Coronal emissivity was computed using a Monte-Carlo radiative transfer code. Bright compact loops near the poles dominate the inferred structure, with more extended arcades at lower latitudes. Figs. 6(a) and (b) show the model corona and the change in the line profile (FWHM = 90 km s -1 ) as the star rotates. When the profiles of the strong Fe lines are co-added, we expect~3200 counts per rotation of AB Dor. Fig. 6(c) shows an APEX simulation in which line counts have been accumulated at the predicted rates over 6 rotations and binned into 10 phase intervals. ZDI has shown that differential rotation is slow enough that co-adding data from successive rotations is feasible. The braided signatures of the two dominant emitting regions are clearly detected, and the partial eclipse of the brighter loop complex in the lower hemisphere is apparent. This illustrates the power of EUV Doppler imaging with APEX to test the spatial distribution of coronal emissivity derived from ZDI. Longer observations of up to 18 rotations, with simultaneous ground-based ZDI, will reveal longer-term coronal response to stresses built up by differential rotation. This study also makes extensive use of density measurements with Fe line pairs, in which the line flux ratio is sensitive to N e . 36 Line-pairs accessible to APEX cover the ranges T e~1 0 6 . APEX observations will be long enough to achieve this accuracy.
Stellar Flares.
The magnetic field in the solar corona shows a persistent large-scale structure, but reorganizes itself continuously on small scales. 37 The energy released produces flares spanning 8 decades in energy, 38 and large impulsive reorganizations result in either flares, where energy appears as radiation or in fast particles, or coronal mass ejections (CME), where it appears as plasma kinetic energy. Flares have been observed on many single stars, of class G through M, and on many binaries. They are in some cases much more energetic than solar flares (e.g., CF Tuc, 39 L x =2x10 31 erg s -1 ). Observations of a diverse sample of 6 single stars and 3 binary stars will be used to determine flare evolution in various strong lines and hence at various temperatures, and to measure flow velocities, NT line broadening, abundances, and N e in the stronger flares. The goal is to understand how flares arise on other stars and to interpret results in the light of solar flare research. An important APEX capability is the measurement of flare dynamic characteristics. Velocities of up to 600 km s -1 in the 3x10 5 K plasma were observed during a flare on AB Dor. 40 This is large compared to those of all but the largest solar flares, 41 and emission lines in solar flares are strongly broadened, [42] [43] [44] with widths of 100-300 km s -1 for soft X-ray lines.
Abundance Anomalies.
Element abundances in the diffuse solar coronal plasma (T~10 6 -10 7 K) differ substantially from photospheric values (T~6000 K). Meyer 45 established that differences are related to the first ionization potential (FIP): low FIP elements (<10 eV; e.g., Mg, Si, Fe) show enhancements by a factor~4 when compared to high FIP elements (>10 eV; e.g., O, Ne, Ar). Feldman and Laming 46 reviewed coronal abundances prior to the launches of Chandra and XMMNewton. EUVE and ASCA showed that abundance anomalies are present also in selected stellar coronae: α Cmi (F5IV), ε Eri (K2), α Cen AB (G2V + K0V), ξ Boo A (G8V + K4V), ξ Uma, [47] [48] [49] [50] and the full disk solar spectrum. 51 Two satisfactory models of FIP fractionation have appeared: (i) During reconnection of magnetic flux tubes of opposite polarity in the chromosphere, ions migrate to the neutral line and are expelled axially faster than neutrals, leading to an abundance enhancement, 52 and (ii) Waves in wave-heated loops can penetrate to the partially ionized layers and preferentially heat the ions, leading to FIP fractionation. 53 Testing of these models demands high sensitivity and spectral resolution, and APEX offers increases by factors of~50 over EUVE in the crucial 170-260 Å region. This allows detection of Ar XI-XIV with fluxes of 10 -4 -10 -3 photons cm -2 s -1 for a star with EM = 1051 cm -3 at 3.5 pc. In this range EUVE could only detect strong lines of Fe IX-XIV with fluxes 0.01-0.1 photons cm -2 s -1 . APEX allows more robust and sensitive detections of the FIP effect than did EUVE, where the only high FIP element observed reliably was S, which has the lowest FIP among such elements. Increased sensitivity of Ar line detection is desirable in the light of Chandra/XMM-Newton results. In the most active stars, strong Ne and Ar enhancements have been found (e.g., V711 Tau 54 ), and it has been claimed that they show an "inverse FIP effect". [55] [56] These results describe the hotter plasma (T~10 7 K), and abundance measurements for the 10 6 K plasma would reveal whether distinct populations of loops exist at these temperatures, and by measuring the S abundance test the idea that only the inert gases are enhanced. No mechanism has been found so far, that would produce an inverse FIP effect.
INSTRUMENT

Overview
As multilayers achieve high reflectance over a limited waveband, APEX is a suite of 8 spectrometers, each having a different waveband and together optimized for the proposed science over the wavelength range 90-275 Å. (The size of the payload shroud limits the number and size of spectrometers.) Fig. 7 is an optical layout diagram. Each spectrometer is slitless with a figured diffraction grating (focal length 3 m, diameter 350 mm) operating at nearnormal incidence in a Wadsworth mount. 2 The basic design is simple, has small aberrations, and yields large collecting areas. Its heritage is the Skylab S-082A spectrograph (resolution 10,000), which produced focused monochromatic solar images at the wavelengths of prominent emission lines, 57 and the J-PEX sounding rocket spectrometer, which obtained the first successful high-resolution EUV spectrum of an astrophysical source. 3 High-resolution astrophysical spectroscopy requires high sensitivity. Therefore APEX uses large blazed ion-etched gratings, employs multilayer coatings to enhance efficiency, and records spectra with efficient microchannel plate (MCP) detectors. Predicted performance (resolution and effective area) is discussed in detail in a companion paper presented at this conference. 58 In summary, APEX will achieve effective areas of 30-50 cm 2 and with coverage exceeding 10 cm 2 over~2/3 of the range 90-275 Å. At the location of important spectral lines the APEX effective area exceeds Fig. 7 . Optical Layout of a Single APEX Spectrometer. that of Chandra and EUVE by an order of magnitude (Chandra LETG response extends to~170 Å). The APEX resolution of 10,000 exceeds that of Chandra by at least a factor of 5, and EUVE by a factor of~30. This combination of simultaneous high effective area and resolution makes APEX a powerful instrument.
Calculated instrument mass and power budgets resulted in totals of 600.2 kg and 399.6 W, respectively, both values including a 20% contingency. The APEX instrument mechanical design is shown in Figs. 8 and 9 . Each spectrometer has a door, which makes a dust-and light-tight aperture seal. Light enters through a collimated aperture, and is diffracted by a figured grating to form a focused spectrum of a chosen order onto an MCP detector. All spectrometers are functionally identical, and the different wavebands are defined primarily by the multilayer coating. Multilayer and grating designs are presented in the companion paper. 58 Here we discuss other subsystems and systems engineering issues.
Spectrometer Focal Plane Detectors
APEX uses photon-counting MCP detectors with associated event position encoding electronics. To minimize risk with the relatively large number of detectors required, a dual-build approach was chosen. UCB will provide flight detectors for 6 spectrometers with sufficient spares, spare parts, and resources to build all 8 if necessary. UL/MSSL will provide flight detectors for 2 spectrometers, the goal being to obtain high quantum efficiency (QE) and the highest spatial and hence spectral resolution. These would be used in two spectrometers making Doppler imaging observations. Mechanical, optical, and electrical interfaces will be identical for the two detector types.
The UCB Design uses cross delay-line (XDL) image readout anodes to encode detected photon event positions. The detectors have a 50x10 mm format with 15x50 µm FWHM resolution. The detectors are "open face" with alkali halide (e.g., CsI, CsBr, KBr) opaque photocathodes deposited on the MCP surface optimized for one of the 8 wavebands between 90 and 275 Å, and a door based on SSULI heritage. The APEX XDL detectors are similar to those built by UCB for the SOHO (UVCS, SUMER) mission, 59 the Spectrographic Imager detectors on the IMAGE MIDEX mission, 60 and the GALEX SMEX mission (65 mm). 61 They are, however, most similar to the larger detectors built for the HST COS instrument, 62 which provide 15x40 µm resolution over two 85x15 mm segments with high QE. Operationally, the incident radiation passes through thin foil filters mounted on the detectors, impinges on the photocathode, and photoelectrons are emitted and multiplied by a factor of 10 7 by a stack of three 6 µm pore MCPs. The smaller APEX detector size and MCP pore size will result in better imaging performance than COS. Many 6 µm MCPs have been tested in this configuration and achieve the desired gain uniformity, pulse height distribution, low background rate (0.2 counts cm -2 sec -1 ), flat field uniformity, and high QE comparable to COS. A multilayer XDL anode collects the charge pulse, and the photon event centroid position for each axis is linearly proportional to the difference in signal arrival time at the opposing ends of the anode delay lines.
Detector readout electronics consist of high bandwidth amplifiers mounted close to the detector and Time-to-Digital Converter (TDC) modules for position encoding. Each TDC comprises a constant fraction discriminator, time to amplitude converter, and an analog to digital converter, similar to that used on HST-COS and FUSE. Detector event data (X & Y position & pulse height) are sent directly from each of the TDCs to the experiment interface. The experiment interface also provides the high-and low-voltage power distribution, and analog control lines for the detector electronics, including temperature sensors, stimulation pulser, and signal thresholds.
The UL/MSSL design differs from the UCB design primarily in having a Vernier readout anode that employs a repeated sequence of 9 linear anodes deposited on a multilayer substrate. The area of each anode varies along its length in a cyclic manner. Analysis of the charge collected by the anodes yields a 2-D image. The Vernier anode produces non-linearities <20 µm rms with spatial resolution limited only by MCP pore size. 63 The mechanical design is based on ROSAT WFC, and a prototype detector employing the Vernier anode was flown on J-PEX.
Collimators
To minimize UV background flux, each spectrometer aperture is equipped with a high transmission honeycomb collimator (FOV 1.25°). Techniques for assembling accurate collimators, used successfully on J-PEX, 64 will be adapted to APEX. Collimator diffraction will be~5 µm at 98 Å and~10 µm at 225 Å. Collimator walls are coated to inhibit multiple reflections of background UV. Outgassing by the coating and the collimator bonding-adhesive has been examined, and there is no significant impact on contamination.
Filters
The diffuse UV background scattered by the gratings and internal structure is reduced to acceptable levels by a thin-film filter in each MCP detector. Consultation with Luxel has produced two filter designs for APEX. The first is a 600 Å polyimide film with a 200 Å Boron coating, which is used for the 4 shortest wavelength spectrometers. The second is a 1,200 Å Aluminum film with a 200 Å graphite coating, which is used for the longer wavelength spectrometers. Thinner filters have higher transmittance, but are more difficult to fabricate without pinholes, are more fragile, and transmit more unwanted diffuse radiation. The load-bearing substrates are the polyimide and aluminum. The filters are supported by a mesh and are launched under vacuum and hence suffer no acoustic loads.
Background
Detector background has three main causes: the intrinsic MCP background, cosmic rays, and the diffuse UV background. The intrinsic background is 0.2 counts cm -2 s -1 , and ROSAT HRI experience indicates that cosmic rays should contribute 0.82 counts cm -2 s -1 . All sources of UV background were examined. 65 The strongest are lines of O I (1304/1356 Å), H I (1215.7 Å), O II (833.8 Å), He I (584.3 Å), He II (303.8 Å), and O II (303.7 Å) produced by geocoronal and interplanetary scattering of solar radiation. The gratings diffract most of this background radiation into strategically located light traps, but the detector records residual scattered light. The dominant source is H I (1215.7 Å) radiation, whose intensity varies from 3,500 R (Rayleighs) on the night side to 35,000 R in daylight. APEX expected background rates vary between 1.1 and 1.8 counts cm -2 s -1 night to dayside for the long wavelength spectrometers and 1.5-5.7 counts cm -2 s -1 for spectrometers 1, 2, and 4. The worst case is spectrometer 3 with a rate of 2.3-14.1 counts cm -2 s -1 .
Structure
The APEX structure (Figs. 8 and 9 ) consists of two parallel graphite epoxy/aluminum honeycomb decks connected by a stringer/panel truss assembly. The octagonal decks have a diameter of 160 cm corner to corner. The aperture deck (top) contains 8 equally spaced collimators and 8 MCP detectors with front-end electronics. The grating deck (bottom) contains 8 equally spaced flexure/actuator mounted gratings. Two star trackers (8°FOV) are mounted to the center of the aperture deck and coaligned with the spectrometer boresights to 1 arcmin. The deck load path transitions through a lug and clevis type connection bonded to composite square tube truss members. The baseline truss structure and deck laminates are a cyanate ester prepreg with M55j graphite fibers. Quasi-isotropic GR/PMC panels are bonded to the truss structure forming a stiffened octagonal light-tight skin tube. The skin is 330 cm long, and a cylindrical extension of diameter 150 cm and height 30 cm encloses the detectors and collimators and functions as a sunshade. Access to the interior is via hatches in the panels, adjacent to each deck. An axial composite tube is located between the decks. Attached to the tube are baffles designed to trap unwanted grating orders. The tube will pass the MCP harness and heater/thermistor wiring from areas on the APEX instrument to the CEU. Pumpout ports are located in the skin, and use baffles to attenuate scattered light. Finite element analysis will be used for structure design, model correlation, and coupled loads analysis. Optical components are pinned or bonded in place at final alignment.
Focus and Alignment/Wavelength Calibration
High-resolution observations are inherently difficult to implement in space instruments and careful attention has been paid to lessons learned by the pathfinder FUSE mission. 66 Ray tracing results predict a depth of focus of ±100 µm for the APEX gratings. Piezoelectric actuators are used to focus each grating during ground calibration and on orbit, and observations of WD stars are used on orbit to monitor focus.
Pointing errors and instrument flexure may both reduce spectral resolution. Flexure caused by thermal, gravity gradient, or other sources degrades alignment and wavelength calibration. FUSE pointing requirements were severe, having a slit through which all light must pass. A slitless spectrometer like APEX requires only accurate aspect knowledge and accurate measurement of instrument flexure. This information is later deconvolved from the time-tagged photon positions in the raw MCP images to recover the designed spectral resolution. APEX uses 2 star trackers (Figs. 8 and 9 ), which together produce precise (<1 arcsec at 5 arcsec) time-resolved pointing knowledge, sufficient for the anticipated spacecraft jitter spectrum. However, alignment must be monitored on time scales short compared to observation times to calibrate (in data processing) both spacecraft jitter and instrument flexure. APEX employs two semi-redundant systems for this purpose. The first system is a pair of multilayer-coated mirrors (Fig. 10) at 98 Å and 200 Å. These mirrors are rigidly attached to their respective gratings and focus a target image on the parent MCP spectrometer detectors. Their purpose is to (i) determine any boresight shifts suffered by the star trackers by launch loads, (ii) serve as redundant backups to the startracker monitoring of ACS motions, and (iii) monitor flexure between their gratings and MCPs. This system was successfully employed on J-PEX. However, the mirrors are limited by target flux and hence cannot perform functions (ii) and (iii) on weak sources.
A second system, the OAS, is designed to monitor flexure continuously in all 8 spectrometers (Figs. 7-9 ). Light from a bright LED, located on the aperture deck, is piped by an optical fiber to an attach point on each MCP detector. The-10 µm fiber is effectively a point source for a spherical mirror (diameter 5 cm) that is rigidly attached to the grating mount. This mirror focuses a spot onto a CCD, which is located on the instrument axis within the central tube, behind the star trackers, and cantilever mounted to the aperture deck. The CCD images an array of 8 spots, each one representing a continuous wavelength calibration fiducial of one spectrometer when combined with star tracker information. Each fiber source is filtered or offset to create a unique signature on the CCD. A CCD with 1000x1000 pixels of size 10 µm has been baselined. Instrument behavior will be characterized fully by the end of integration and test.
Optical distortion will be mitigated in a threefold approach. First, a STOP (structural, thermal, optical performance) analysis will be used throughout instrument design and integration. Second, materials with low CTE and CME values will be used for the majority of instrument components. Third, piezoelectric actuators will be used to adjust spectrometer alignment and focus on orbit if necessary. A precision thermistor/heater TCS system will mitigate on orbit structure distortion. Moisture barrier and cost trade off studies will be conducted to optimize focal length and alignment adjustment strategies.
Thermal Control
The control volume of the instrument will be blanketed with multilayer insulation. The entire instrument exterior except the collimator doors will be blanketed. Unregulated conduction to the aperture and grating decks will be avoided. The expected tolerance in the instrument volume on temperature control is <1°C. Six heater circuits are placed on each deck and around the circumference of the instrument. Survival heater mode will be treated as a separate circuit controlled by thermostats. Thermal conduction from the instrument to the spacecraft is minimized using titanium flexures. A comprehensive array of 128 thermistors located throughout the instrument is used to measure thermal flow, providing an adequate basis for modeling. A large power budget for heater control ensures maintenance of desired temperatures.
Electronics
APEX contains 8 MCP detectors, a single CCD and light source, and a Central Electronics Unit (CEU). The instrument electronics takes advantage of designs developed for recent NRL space missions. The CEU, which is mounted in the spacecraft, consists of a microprocessor that controls the instrument, and handles data, power, and command interfaces with the spacecraft through a 1553B bus. It is built using the BAE RAD750 133 MHz RISC-based single board computer, which uses a Power PCI bus ASIC to control the CEU circuit card assemblies. The processor controls each of the other boards by either a cPCI bus interface or a simple low rate control channel (e.g., heater control).
SPACECRAFT
The instrument is mounted on a 3-axis stabilized commercial spacecraft bus with a precision pointing system. The Ball Aerospace & Technologies Corp. (BATC) RS-300 bus, suitably modified, meets the APEX requirements with adequate margins (Tables 3 and 4) . Table 3 . APEX Requirements//RS-300 Capabilities Table 4 . Bus Requirements, Performance, and Margins Fig. 10 shows details in the spacecraft bus. The spacecraft maneuvers to targets using precision reaction wheels, and torque rods are used to dump angular momentum. Three solar cell arrays (6.1 m 2 ) provide power and are deployed after launch and locked into a fixed attitude. Fig. 11 shows the arrays in stowed and deployed configurations. The spacecraft is launched by a Taurus vehicle, and payload size and weight fit comfortably within limits for the 2210 fairing.
CALIBRATION, INTEGRATION, AND TEST
The APEX instrument is assembled in a Class 100k clean room. Procedures and controls are established to maintain contamination of the optics below defined levels using a contamination control plan developed by APEX engineers. From optical integration onwards, work is performed in a class 10k environment. Critical items such as gratings, detectors and mirrors are handled on Class 100 flow-benches. A dry nitrogen purge is kept on the instrument at all times during tests if optical components are exposed.
Calibration and assembly of APEX instrument elements will proceed in parallel before coming together for integration and test. Grating topology (groove profile, roughness) is measured using an AFM prior to coating to provide input to multilayer designs. Grating efficiency and uniformity are measured using the NRL beamline facility at the NSLS, which is also used to calibrate the transmittance of each detector filter. Test and calibration of the MCP detectors are performed at UCB and UL/MSSL. Tests include measurements of spatial resolution, position uniformity, flat field modulation, background rate, count rate stability, QE, etc. according to procedures developed for a number of other NASA flight programs. The CCD is tested at LLNL. The CEU undergoes functional, vibration, and thermal cycle tests before instrument integration. The APEX structural design allows for its parallel manufacturing and off critical path assembly of the major subassemblies. The stability of the structure is determined by periodic accurate measurement of the structure length. Functional tests are performed to verify the operation of all electronics systems, instrument control by the CEU, and communications between the ground station and instrument. Finally, the instrument undergoes environmental testing, and mass properties are measured.
Once assembled and tested, the instrument is shipped to the Space Sciences Laboratory at UCB for final instrument end-toend alignment, focus, and resolution verification using EUV radiation. APEX uses the UCB 5 x 3 m vacuum calibration facility that has been successfully used to calibrate other space instruments such as EUVE, FAUST, ORFEUS, and CHIPS. At the completion of this activity, the instrument is shipped to BATC for integration with the bus and system level environmental testing. 
MISSION
APEX will be launched nominally on August 20, 2008 , from the Eastern Test Range at Cape Canaveral in Florida. The circular orbit will have a nominal 500 km altitude at~28.5°inclination (94.6 minute period). Spacecraft and instrument checkout are expected to last less than 45 days. During checkout, four RTS contacts per day are needed to initialize systems and to receive telemetry verification that each step has proceeded as planned. Instrument checkout includes measuring the focus, alignment, and calibration of each of the eight spectrometers.
Science operations commence after checkout ends. The baseline mission is 2 years. APEX will observe~100 targets, which are distributed approximately uniformly across the sky. These are selected carefully to maximize scientific return, and all are detected in the EUVE and ROSAT WFC surveys. Detailed optimization specific to the APEX target list and science objectives is accomplished during the concept study phase.
The observing plan is based on EUVE experience with background count levels raised by scattered solar radiation. Pointing optimization requires observing sources in a manner that meets background, safety, and power constraints with 30% utilization of time on orbit. APEX has a Sun-avoidance angle >90°, and the concept study will set requirements on transits of the sunlit Earth and sunlit Moon. The fixed solar arrays are oriented 90º to the instrument boresight. Observations will usually be scheduled for the dark side of the Earth, outside the South Atlantic Anomaly, within a band 90-120º off the Sun, and not near the satellite velocity vector. Optimal days of the year meeting all criteria are identified for each source with a straightforward algorithm. Simulations show it is possible to average~200 ksec per source, though in actuality some will get more and others less. On an exceptional basis there may be use of sunlit observing when it is compatible with the science objective, or use of a spacecraft maneuvering scheme that goes more than 120º off Sun on the dark side, compensating with maneuver to a favorable solar array orientation on the sunlit side. All constraints are well understood and can be easily modeled. Science operations require a daily downlink of 0.35 Gb per day. At each RTS contact, data are downlinked on a 4 Mbps wideband link. State-of-health (SOH) data are interleaved in the 4 Mbps downlink followed by a command upload for the next day's science operations. Any transient event occurring in the sky of astrophysical interest to the science team can be observed as a target of opportunity. APEX can be repointed within 24 hours to any target that satisfies observing constraints.
DATA PROCESSING, ANALYSIS, AND ARCHIVING
APEX science data products are produced in a tri-level data processing pipeline in which the data are cleaned, validated, reformatted, and analyzed to create intermediate and final data files and a relational database (RDB) "summary" catalog that contains a summary of the data. The pipeline contains many automated or semi-automated steps to examine and document the quality of the data, the performance of the instrument, and the spectral properties of the observed targets. The flow of data from acquisition to analysis is iterative because knowledge of instrument performance in flight improves as the mission proceeds. The iterative process also includes feedback from the scientific community, which is an incentive to make APEX data available to the broad scientific community as quickly as possible.
Briefly, Level 0 processing removes communications artifacts from the analog telemetry stream and produces a clean raw data file. Level 1 processing validates and analyzes SOH and spectrometer data and populates the catalog. The data products are the "definitive" data archive (Level 1A) and the "derived" science data, which include the spectrometer photon events files, the instrument and S/C SOH files and the supporting files providing instrument and spacecraft performance information. At Level 2, a catalog query and Level 1 data extraction produce a single time-integrated, or sequence of many time-resolved, calibrated spectra or aspect/alignment corrected photon event files and ancillary files. A default set of Level 2 "preview" spectra is created automatically for every APEX target. All Level 2 data products are RDB cataloged.
Members of the APEX science team bring specialized tools to the data analysis effort. The astronomy and solar physics communities have developed computer codes such as TLUSTY and Synspec, 67 and CHIANTI 68 for modeling stellar atmospheres and generating synthetic spectra which can be used to interpret APEX data. Analysis will use standard astronomical software packages (e.g., XSPEC, IRAF, and IDL), suitably modified for APEX, which contain tools to isolate individual lines or deconvolve blended lines in spectra and to fit Gaussian, Voigt, and other functions to line profiles. Of particular interest will be the IRAF science package developed for EUVE. An APEX web site will include the observing schedule and mission status, display target "preview" spectra, and provide links to preprints and published results. The science team will validate and annotate completed target observations after which the target spectra will be available for download from the web site. Public requests for new Level 2 data products will be accepted via a Web-based form and placed in a processing queue. "Snapshots" of the Level 1 and 1A data products will be periodically archived on tape or optical media for offsite backup. Copies will be delivered with up-to-date documentation to a NASA archive data center twice a year. Level 2 data products for completed observations, already available on the web site, will be delivered monthly to the archive on media or via the Internet. The Multimission Archive at Space Telescope (MAST), which serves the data from the IUE, FUSE, and EUVE, has been chosen as the APEX data archive.
